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ABSTRACT
We present the results from a wide-field imaging study of globular cluster (GC) systems
in three early-type galaxies. Combinations of Subaru/Suprime-Cam, CFHT/MegaCam
and HST/WFPC2/ACS data were used to determine the GC system properties of
three highly flattened galaxies NGC 720, NGC 1023 and NGC 2768. This work is
the first investigation of the GC system in NGC 720 and NGC 2768 to very large
galactocentric radius (∼ 100 kpc). The three galaxies have clear blue and red GC
subpopulations. The radial surface densities of the GC systems are fitted with Sérsic
profiles, and detected out to 15, 8 and 10 galaxy effective radii respectively. The total
number of GCs and specific frequency are determined for each GC system. The ellip-
ticity of the red subpopulation is in better agreement with the host galaxy properties
than is the blue subpopulation, supporting the traditional view that metal-rich GCs
are closely associated with the bulk of their host galaxies’ field stars, while metal-poor
GCs reflect a distinct stellar halo. With the addition of another 37 literature studied
galaxies, we present a new correlation of GC system extent with host galaxy effective
radius. We find a dependence of the relative fraction of blue to red GCs with host
galaxy environmental density for lenticular galaxies (but not for elliptical or spiral
galaxies). We propose that tidal interactions between galaxies in cluster environments
might be the reason behind the observed trend for lenticular galaxies.
Key words: galaxies: elliptical and lenticular, cD - galaxies: star clusters: individual
- galaxies: individual: NGC 720, NGC 1023, NGC 2768
1 INTRODUCTION
Globular clusters (GCs) are present in almost all large galax-
ies and are good tracers of host galaxy properties (Brodie &
Strader 2006). They are very compact objects and thus able
to withstand the powerful events of galaxy evolution. They
are expected to form during the initial proto-galactic col-
lapse and in gas-rich merging events; as a consequence they
trace the field stars that form along with them (Brodie &
Huchra 1991; Forbes et al. 1996; Côté et al. 1998). The lumi-
nosity and compact size of GCs make them the brightest and
most easily identifiable individual objects out to large (∼
200 kpc) galactocentric radii around galaxies (Spitler et al.
? http://sluggs.swin.edu.au/
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2012). This makes them a convenient probe to study galaxy
formation at large radii where the surface brightness of the
host galaxy stars rapidly drops with increasing radius.
GC systems can be studied using accurate photometry,
from which a bimodal nature of the colour distribution is
identified (Ashman & Zepf 1992; Forbes et al. 1997; Kundu
& Whitmore 2001; Peng et al. 2006; Harris 2009a; Sinnott
et al. 2010; Liu et al. 2011). Bimodality indicates two sub-
populations in a galaxy (Brodie et al. 2012). In some cases,
the colour distribution is even found to be trimodal, e.g. in
the case of NGC 4365 (Blom et al. 2012) and NGC 4382
(Peng et al. 2006). The components of the bimodal colour
distributions are identified in terms of metallicity; metal-rich
and metal-poor corresponding to red and blue subpopula-
tions respectively (Usher et al. 2012). The presence of these
subpopulations indicates that there were multiple episodes
of star formation and metal enrichment in the past.
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To explain the bimodality in the colour distribution in
the context of host galaxy formation, three broad scenarios
have been put forward. Ashman & Zepf (1992) proposed that
the colour bimodality is the result of a gas-rich merger of
disk galaxies. They suggested that the blue GCs are intrin-
sic to the spiral galaxies, while red GCs are formed during
the merger. Forbes et al. (1997) suggested an in-situ forma-
tion scenario, in which the blue GCs are formed first in the
initial collapse with limited field star formation. A quiescent
period follows, then red GCs are formed in a metal-rich en-
vironment along with the bulk of the stars in the galaxy.
Accretion of blue GCs may also contribute. A third scenario
was proposed by Côté et al. (1998, 2000, 2002) in which the
red GCs are inherent to the host galaxy (similar to Forbes
et al. 1997), while the blue GCs are accreted via mergers or
tidal stripping. Signatures of these different stages of galaxy
evolution are best preserved in galaxy outer halos rather
than in the complex inner regions and hence, an investiga-
tion of GCs in outer halos gives a unique opportunity to
trace the formation and evolution of host galaxies.
In this paper, we present the results from a wide-field
imaging study of GC systems in three early-type galaxies:
NGC 720 (E5), NGC 1023 (S0) and NGC 2768 (E/S0). A
more detailed discussion about individual galaxy character-
istics is given in Section 1.1. The data presented in this paper
are a part of an ongoing larger survey, the SAGES Legacy
Unifying Globulars and GalaxieS (SLUGGS)1, which aims
to understand the assembly history of early-type galaxies
with the aid of imaging, spectroscopy and simulations of
galaxy formation. The survey, still underway, undertakes a
large scale study of 25 early-type galaxies within a distance
of 30 Mpc.
With the aid of wide-field imaging data, we can study
the global properties of individual GC systems and hence the
association with their host galaxies. These global properties
include radial surface density, colour and azimuthal distribu-
tions, total number of GCs and specific frequency. The full
radial extent of large GC systems can only be completely
investigated with wide-field imaging data. From the radial
surface density distributions of blue and red GCs, the char-
acteristics of the subpopulations such as their extent and
concentration (centrally or extended) can be investigated.
A similar slope between host galaxy starlight and red GC
surface density suggests a coeval formation (Bassino et al.
2006b; Faifer et al. 2011; Strader et al. 2011; Forbes et al.
2012b). The dark matter halo component of a galaxy is as-
sociated with the blue GC subpopulation (Forte et al. 2012;
Forbes et al. 2012b), which shows their connection with the
hidden dark matter (proposed by Côté et al. (1998)). Forbes
et al. (2012b) found a good agreement between galaxy dif-
fuse X-ray emission and the surface density of the blue GCs
for nine ellipticals.
The two dimensional spatial distribution of GC systems
can be constructed with imaging data. Estimation of posi-
tion angle, ellipticities and two dimensional sub-structures
can be carried out. Most previous studies carried out us-
ing smaller telescopes (e.g. Rhode et al. 2010; Young et al.
2012), are unable to probe very far down the GC luminosity
function and thus yield too few GCs to properly separate
1 http://sluggs.swin.edu.au/
the system in red and blue subpopulations. Literature stud-
ies of galaxies like NGC 4636 (Dirsch et al. 2005) and NGC
1316 (Gómez et al. 2001) show that the azimuthal distribu-
tion of red GCs closely matches that of the spheroid/bulge
of the host galaxy. Such observations support the idea that
the bulk of galaxy stars have a coeval origin with the red
GC subpopulation (Wang et al. 2013). The total number of
GCs can only be determined accurately from a complete ra-
dial surface density distribution. An advantage of wide-field
imaging taken in good seeing conditions is a more accurate
determination of specific frequency with reduced errors (e.g.
for NGC 4365 SN varies from 3.86 ± 0.71 (Peng et al. 2008)
from small field of view of HST imaging to 7.75 ± 0.13 (Blom
et al. 2012) with wide-field Subaru data.
With the global properties of a sample of GC sys-
tems, we are also equipped to study their global relations
with the host galaxies. A relevant question to study is the
(in)dependence of GC formation efficiency with different en-
vironments. Recently, Tonini (2013) constructed a theoreti-
cal model to investigate GC bimodality. She predicted that
the GC bimodality is a direct outcome of hierarchical galaxy
assembly. Also she predicted that a larger fraction of blue
GCs can be found in early-type galaxies residing in higher
density environments. However, using ACSVCS data Cho
et al. (2012) studied the variation in the fraction of red GCs
in field and cluster environments. They found that the frac-
tion of red GCs was enhanced from field to high density en-
vironment. Spitler et al. (2008) also studied the dependence
of mass normalized blue GC number with environment for
a sample of early-type galaxies. They concluded that the
GC formation efficiency depends primarily on galaxy mass
and is nearly independent with respect to galaxy environ-
ment. In this paper, we also try to analyse these different
results regarding the dependence of GC formation efficiency
on environment.
In short, this paper presents the results from a wide-
field imaging study of the GC systems in three early-type
galaxies, their global properties and their connection with
the host galaxy properties. Also we have explored the cor-
relations of global properties of GC systems (including GC
systems of other well studied early-type galaxies) with host
galaxy mass, galaxy effective radius and local environment
density.
This paper is organised as follows. Our three sample
galaxies are briefly presented in the following subsection.
Section 2 steps through observations, data reductions, pho-
tometry and the selection of GCs. Section 3 explores the dif-
ferent GC system properties such as radial density, colour
distributions, azimuthal distribution, total number of GCs
and specific frequency. Analysis of GC subpopulations and
their connection with host galaxy properties are also de-
scribed in Section 3. Section 4 discusses the relationship of
GC system extent with galaxy stellar mass, effective radii
and environment for a sample of ∼ 40 galaxies. Section 5
concludes with the main results and their implications for
GC formation scenarios.
1.1 Sample galaxies
Our three galaxies of intermediate luminosity are taken from
the ongoing SLUGGS survey (Brodie et al. 2013 in prep.)
of 25 galaxies within 30 Mpc and are among the most elon-
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Table 1. Basic data for the target galaxies. Right Ascension and Declination (J2000) are from NASA/IPAC Extragalactic Database
(NED). The galaxy types are discussed in Section 1.1. The distance for NGC 720 is obtained from NED, NGC 1023 and NGC 2768 are
from Cappellari et al. (2011). Total V band magnitudes are obtained from de Vaucouleurs et al. (1991). The extinction correction for
V band is calculated from Schlegel, Finkbeiner, & Davis (1998). The absolute total magnitude is derived from the V-band magnitude,
distance and the extinction correction. Position angle and ellipticity of the galaxy major axis are given in the last columns and are
obtained from HyperLeda (Paturel et al. 2003).
Name RA Dec Type D VT Av MTv PA 
(h:m:s) (o:′:′′) (Mpc) (mag) (mag) (mag) (o)
NGC 720 01:53:00.5 −13:44:19 E5 23.4 10.18 0.05 −21.68 142 0.47
NGC 1023 02:40:24.0 +39:03:48 S0 11.1 9.35 0.20 −21.08 87 0.58
NGC 2768 09:11:37.5 +60:02:14 E/S0 21.8 9.87 0.14 −21.91 93 0.60
gated galaxies in the survey. The three galaxies reported
here are among the most flattened in the SLUGGS survey
and hence useful to search for trends between the flattening
(ellipticity) of the GC system and the host galaxy. Table 1
records the basic data for the sample galaxies and an indi-
vidual description for each galaxy follows.
1.1.1 NGC 720
NGC 720 is an X-ray bright, relatively isolated elliptical
galaxy. The morphological classification is an E5 (de Vau-
couleurs et al. 1991). NGC 720 has been well studied in
X-rays by Buote & Canizares (1994, 1996, 1997) and Buote
et al. (2002). The X-ray studies showed an isophotal twist
which is absent at optical wavelengths. NGC 720 is found to
be a strong X-ray source with filaments extending from the
nucleus of the galaxy and curving towards the south (Buote
& Canizares 1996). Kissler-Patig et al. (1996) studied the
GC system of NGC 720 out to a galactocentric distance of
4.37 arcmin (30 kpc). They did not study the properties of
GC subpopulations, only the total system. They found the
GC system to resemble the host galaxy light distribution
in terms of ellipticity, position angle and surface density. In
contrast, the properties of the GC system did not match
those of the X-rays. Forbes et al. (2012b) found a similar
slope for the X-ray surface brightness profile and the sur-
face density of the blue GC subpopulation of NGC 720.
1.1.2 NGC 1023
NGC 1023 is a nearby S0 galaxy at a distance of 11.1 Mpc
(Cappellari et al. 2011) An interesting aspect of this lentic-
ular galaxy is its bluer eastern companion, NGC 1023A. HI
maps of NGC 1023 show a high concentration of neutral
hydrogen gas around NGC 1023A (Sancisi et al. 1984). Ca-
paccioli et al. (1986) did not detect any traces of emission
lines in the spectrum of NGC 1023, indicating no current
star formation. Larsen & Brodie (2000) studied the central
GCs of NGC 1023 using HST WFPC2 imaging. They found
221 GCs and a bimodal colour distribution. They also found
the presence of red extended (effective radii > 7 pc) GCs,
naming them ‘faint fuzzies’. Cortesi et al. (2011) have used
the PNe to analyze the kinematics of NGC 1023. They found
that the kinematics of the galaxy resembles a spiral galaxy,
supporting the theory of transformation of S0 galaxies from
spiral galaxies. Young et al. (2012) studied the GC system
of NGC 1023 using imaging data from the 3.5-meter WIYN
telescope and estimated the total number of GCs to be 490
± 30, with SN = 1.7 ± 0.3. They also found a statistically
significant bimodal colour distribution for the GC system.
1.1.3 NGC 2768
NGC 2768 is catalogued as a lenticular galaxy in the
Carnegie Atlas of Galaxies (Sandage & Bedke 1994) and
an elliptical E6 in the Third Reference Catalogue of Bright
Galaxies (RC3, de Vaucouleurs et al. 1991). Crocker et al.
(2008) traced the interstellar medium of NGC 2768 from
CO emission, finding a molecular polar disc, which sug-
gests a merger history for NGC 2768. Kundu & Whitmore
(2001) studied the GC system of NGC 2768 using single
HST/WFPC2 pointing and found a statistically significant
bimodal colour distribution. Pota et al. (2013) did a kine-
matic study of the GC systems of 12 early-type galaxies
including NGC 2768. They found GC bimodality in (Rc−z)
colour. They also found that the rotation velocity of red
GCs matches the galaxy stars, supporting coeval formation.
Usher et al. (2012) have carried out a study of CaT metal-
licity distribution of NGC 2768 GCs, but did not find bi-
modality in the CaT metallicity for the GCs. The available
photometry for the galaxy was poor and they obtained spec-
tra only for a few GCs, which they propose as the reason for
not detecting bimodality in metallicity. Forbes et al. (2012a)
analyzed the kinematics, combining PNe, GCs and galaxy
starlight. They found similarity in the radial density dis-
tribution between red GCs, galaxy bulge PNe and galaxy
starlight, strengthening the idea of coeval evolution. Kine-
matic studies of these three components up to 4 Re showed
a good agreement between them.
2 DATA
2.1 Observations and reduction techniques
The imaging data for NGC 720 and NGC 2768 were
taken using the Suprime-Cam (Miyazaki et al. 2002) imager
mounted on the 8-meter Subaru telescope. The instrument
includes ten 2048 x 4096 CCD detectors with a pixel scale
of 0.202 arcsec and a field of view of 34 x 27 square ar-
cmin. Multiple exposures were taken in a dithered pattern
to avoid the blank regions due to gaps between CCDs. The
observation log is tabulated in Table 2.
The Suprime-Cam Deep Field Reduction package 2, SD-
FRED2 (Ouchi et al. 2004) is utilised to carry out the pre-
c© 2013 RAS, MNRAS 000, 1–??
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Figure 1. Wide-field images of three galaxies in i band filter taken from the ground based telescopes. Each image covers on sky an area
of 10 square arcmin. NGC 720 and NGC 2768 were observed using Subaru telescope while NGC 1023 was taken from the CFHT archive.
North is up and East on the left.
Table 2. Log of observations.
Galaxy Filter Obs. date Seeing Telescope Exp. time
NGC HST∗ (”) (s)
720 g 2008 Nov. 28 0.88 Subaru 1770
i 2008 Nov. 28 0.98 1370
1023 g 2004 Sep. 10 0.71 CFHT 1232i 2004 Sep. 11 0.73 1100
2768
g 2011 Jan. 03 0.95 Subaru 4320
r 2011 Jan. 04 0.77 1860
i 2011 Jan. 04 0.75 1296
∗ Hawaii-Aleutian Standard Time
processing of the Suprime-Cam data. The pipeline includes
scripts for flat fielding, distortion and atmospheric disper-
sion corrections. The pre-processed images were aligned and
combined to form the mosaic image using a combination
of softwares SExtractor (Bertin & Arnouts 1996), Scamp
(Bertin 2006) and Swarp (Bertin et al. 2002)2. The SExtrac-
tor run on the individual CCD images selects point sources
with a three sigma threshold above the background level.
The relative positions between the selected objects were
matched with an astrometric reference catalogue (USNO or
SDSS) using the Scamp software to generate the astromet-
ric solution. Using the Swarp software and the astrometric
solution, the multiple CCD images were aligned and stacked
to produce the mosaic image.
We have obtained a second photometric dataset for
NGC 2768 from the Hubble Legacy Archive. The data
(HST ID: 9353) consist of one pointing taken in F435W(B),
F555W(V) and F814W(I) filters using the Advanced Cam-
era for Surveys (ACS) instrument installed on Hubble Space
Telescope. The Wide Field Channel mounted on ACS con-
sists of two 2048 x 4096 CCDs with 0.049 arcsec pixel scale
and 3.37 x 3.37 square arcmin field of view. Jordi et al.
(2006) have given the transformation equations to convert
2 http://www.astromatic.net/software/
the B, V, I magnitudes to the SDSS photometric system.
The B, V, I magnitudes for all of the NGC 2768 objects are
converted to g, r, i magnitudes.
We also acquired the central GC radial surface density
distributions for NGC 720 from Escudero et al. (2013, in
prep.). This data set was observed in g, r, i filters using the
Gemini Multi-Object Spectrographs (GMOS, Hook et al.
2004). NGC 720 was observed along with five other galaxies
published in Faifer et al. (2011). A detailed description about
the observations and data reduction is given in the same
publication.
The wide-field imaging data for NGC 1023 were ac-
quired from the Canada France-Hawaii Telescope (CFHT)
archive. Observations were taken with the MegaCam
(Boulade et al. 2003) imager. The detector consists of a 9 x
4 mosaic of 2048 x 4612 CCDs with a scale of 0.187 arcsec
giving a field of view of 0.96 x 0.94 square degree. A series
of images taken in g and i filters was processed through the
MegaCam image stacking pipeline named MegaPipe (Gwyn
2008). MegaPipe includes the pre-processing (bias and dark
subtraction, flat fielding) of the images. The pipeline car-
ries out an astrometric and photometric calibration for the
MegaCam images. The individual CCD images were then
mosaiced with Swarp software. Figure 1 shows the wide-field
images of NGC 720, NGC 1023 and NGC 2768 observed in
the i band filter using the ground based telescopes.
2.2 Photometry
We modelled the galaxy light for the three galaxies and
subtracted it from the corresponding mosaic image with
the IRAF task ELLIPSE keeping the centre, PA and ellip-
ticity as free parameters. Here we remind the reader that
the galaxy light subtracted images are only used to to im-
prove source detection and not for any photometric analysis.
The ELLIPSE parameters (PA and ellipticity) derived from
the task match well with the values mentioned in Hyperleda
(given in Table 1). Sources on images were identified and
aperture photometry was carried out using the source find-
ing software, SExtractor. SExtractor identifies a probable
source only if it has a minimum of 5 adjacent pixels with a
c© 2013 RAS, MNRAS 000, 1–??
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Figure 2. Transformation of NGC 1023 GC magnitudes from
HST to CFHT photometric system. The top panels show the lin-
ear fits between HST magnitudes and CFHT magnitudes for the
common GCs in g (left panel) and i (right panel) filters. The bot-
tom panels show the difference between measured (from CFHT)
and converted magnitudes versus the measured magnitudes in the
g (left panel) and i (right panel) filters.
threshold level of three sigma above the local background.
SExtractor estimates the total instrumental magnitude for
the detected sources using the Kron radius (Kron 1980) in
automatic aperture magnitude mode. For this, magnitudes
within aperture sizes of 1 to 7 pixels, equivalent to 0.2 to
1.4 arcsec, are estimated for all the detected sources in the
respective mosaic images. Depending on the seeing values
for the respective filters, the extraction radius is determined
and hence we obtain instrumental magnitudes. These instru-
mental magnitudes are corrected for the light outside the
extraction radius and finally SExtractor provides a list of
point sources with positions and aperture corrected magni-
tudes. We selected ∼ 20 bright stars within the colour range
of 0.7 < (g−i) < 1.3 in the individual galaxy images and ob-
tained their magnitudes from the Sloan Digital Sky Survey
catalogues, in order to estimate the zeropoints in each filter.
These zeropoints were applied to calibrate the magnitudes
for all the point sources detected. Our final object lists have
g and i magnitudes for all three galaxies, with additional r
magnitudes for NGC 2768. The object magnitudes are cor-
rected for Galactic extinction using Schlegel et al. (1998) (see
Table 1). All magnitudes discussed hereafter are extinction
corrected.
2.3 HST/WFPC2 GC catalogue for NGC 1023
Larsen & Brodie (2000) have published a list of 221 GCs
in NGC 1023 observed with HST in the V and I filters.
Their selection was primarily based on sizes, colour (i.e. 0.75
< (V−I) < 1.40) and magnitudes (i.e. 20 < V < 25). For
uniformity between the catalogues, we converted the V and I
magnitudes into CFHT g and imagnitudes. Jordi, Grebel, &
Ammon (2006) transformation equations require three band
magnitudes whereas the HST/WFPC2 data contain only V
and I magnitudes. In order to convert the magnitudes, we
selected a set of bright objects (in the colour range 0.85 <
(V−I) < 1.35) in common between the two data sets and
the magnitudes are fitted with a linear bisector relation of
the form :
gconv = [(0.996± 0.021)× VHST ] + (0.473± 0.175) (1)
iconv = [(1.009± 0.031)× IHST ] + (0.304± 0.113) (2)
where gconv and iconv are CFHT filter equivalent magnitudes
for the HST V and I magnitudes. The top panels in Figure
2 show the magnitude conversion between the HST and the
CFHT photometric systems. The bottom panels in Figure
2 display the deviation between the measured (gCFHT and
iCFHT ) and converted (gconv and iconv) magnitudes. The
root mean square deviation of converted magnitudes (using
equations 1 and 2) from the corresponding measured CFHT
magnitudes are 0.07 and 0.12 magnitudes with no obvious
systematic trend. This conversion is used to transform the
HST photometric system to the CFHT system for the GCs
of Larsen & Brodie (2000). We also checked the colour trans-
formation between the two photometric systems and found
no systematic trend.
2.4 Globular cluster selection
NGC 720: The GC selection for NGC 720 is carried out
on object size, magnitude and colour of individual objects.
Initially however, the source position matching between the
Subaru g and i band images removes spurious detections
(e.g. cosmic rays) on the individual images. To determine the
object size, we measure the flux in two apertures. Objects
with surplus amount of light beyond the extraction aper-
ture radius are removed from the GC list. As GCs appear as
point sources at the distance of NGC 720, the probable GCs
have a minimum magnitude difference between the extrac-
tion aperture and the adjacent aperture. A further selection
of objects is carried out in the i band, i.e. 20.6 6i 6 24
(at the distance of 23.4 Mpc, objects brighter than i = 20.6
include ultra compact dwarfs (Brodie et al. 2011), while ob-
jects fainter than i = 24 have magnitude errors greater than
0.15). Final selection of NGC 720 GCs is based on the (g−i)
colour of individual objects, i.e. 0.6 6 (g−i) 6 1.3. In the
SLUGGS survey, we have a list of spectroscopically (veloc-
ity) confirmed GCs for each of the survey galaxies. Hence
we are able to check the reliability of GC selection for all
the three sample galaxies.
NGC 1023: The data for NGC 1023 include CFHT g
and i band photometry and a catalogue of 221 GCs from
HST (Larsen & Brodie 2000). The GC system of NGC 1023
is identified based on the same selection criteria followed for
NGC 720 Suprime-Cam data. Matching of object positions
between the observed g and i band images cleared false de-
tections from the list. The i band magnitude selection for
NGC 1023 GCs is 18.9 6 i 6 23.0 based both on the dis-
tance to NGC 1023 and on the error in the measured i band
magnitude. A final selection is made in colour by selecting
sources in the same colour range as used by Larsen & Brodie
(2000), i.e. 0.65 6 (g−i) 6 1.3.
NGC 2768: The data for NGC 2768 include g, r and
i band Subaru imaging. False detections are primarily elim-
inated from the object list by matching the source position
with 0.1 arcsec accuracy between the three bands. Point
source objects are chosen based on the magnitude difference
between the extraction and the adjacent aperture. As the
c© 2013 RAS, MNRAS 000, 1–??
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Figure 3. Surface density profile for the GC system of NGC 720.
The plot displays the Gemini (open circles) and Subaru (filled
circles) data. The GCs selected within the turnover magnitude
limit, i = 23.7, are employed to derive the radial surface density
values. The surface density reaches the background level around
9.8 ± 0.8 arcmin (∼ 15 Re) with 0.98 objects per arcmin2. The
solid line is the fitted Sérsic profile for the GC surface density.
data set for NGC 2768 consists of three band data, an ad-
ditional selection based on two colour space is introduced
(i.e. (g−i) versus (r−i)). We adopted a similar GC selec-
tion process in the colour-colour diagram as used by Spitler
et al. (2008) and Blom et al. (2012). It is evident from ear-
lier studies, viz., figure 6 in Blom et al. (2012) and figure
3 in Pota et al. (2013), that the GCs populate a partic-
ular region in the colour-colour diagram. These GCs along
with neighbouring objects showing a 2-sigma deviation from
the selected region are chosen as final GC candidates. The
i band magnitude cut for NGC 2768 is 20.4 6 i 6 24.0.
A second set of data for NGC 2768 comes from HST/ACS
covering the central 2.1 arcmin region. The GCs from the
HST/ACS imaging are selected in the same colour-colour
diagram mentioned above for the Subaru imaging.
3 ANALYSIS OF GC SYSTEMS
3.1 Surface density profiles
The one dimensional radial distribution of a GC system is
revealed by its surface density profile. The surface density
for each radial bin is estimated by fixing a similar number
of globular clusters per circular bin and dividing by the ef-
fective covered area. The area coverage in each annuli is cor-
rected for two factors: the presence of saturated stars and
the annular area outside the image. The errors associated
with the surface density distribution are given by Poisson
statistics.
A combination of a Sérsic profile and a background pa-
rameter is fitted to the GC surface density distribution. The
fitted profile can be written as :
N(R) = Ne exp
[
−bn
(
R
Re
) 1
n
− 1
]
+ bg (3)
where Ne is the density of the GCs at the effective radius Re,
n is Sérsic index or the shape parameter for the profile, bn
is given by the term 1.9992n - 0.3271 and bg represents the
Figure 4. Surface density profile for the GC system of NGC
1023. The plot shows HST (open circles) and CFHT (filled circles)
data. The limiting magnitude for the two data sets is the turnover
magnitude, i.e i = 22.0. The surface density of the GC system
reaches the background level around 6.2 ± 0.5 arcmin (∼ 8 Re)
with 1.27 objects per arcmin2. A Sérsic profile is fitted and is
shown with a solid line.
background parameter. The background values obtained for
the three GC systems are then subtracted from the respec-
tive radial density distribution which is shown in all density
distribution plots.
3.1.1 NGC 720
Figure 3 displays the surface density profile for NGC 720
using the Suprime-Cam and GMOS data, fitted with a Sér-
sic profile. The radial coverage of GMOS data reaches out
to 5.6 arcmin and overlaps with the Suprime-Cam data
which is detected out to a radius of ∼ 18 arcmin. The
GCs brighter than the turnover magnitude (i = 23.7) are
selected to retrieve the radial surface density distribution.
A constant value of 0.98 objects per arcmin2 is reached at
a galactocentric radius of 9.8 ± 0.8 arcmin suggesting that
the background is obtained. At a distance of 23.4 Mpc, the
GCs extend to at least 68 ± 6 kpc from the centre of the
galaxy. The parameter values for the fitted profile are re-
ported in Table 3. As seen from Figure 3, the data sets from
the Gemini and Subaru telescopes are generally consistent
with each other without applying any manual adjustment.
Kissler-Patig et al. (1996) have studied the radial density
distribution of NGC 720 GCs using the 2.2-meter telescope
at the European Southern Observatory. They estimated the
GC system reaches the background at a galactocentric dis-
tance of 2.67 arcmin. This appears to be an underestimation
of the true extent by a factor of ∼3. This likely demonstrates
our high-quality wide-field imaging and its ability to remove
contamination.
3.1.2 NGC 1023
We created a radial surface density plot for NGC 1023 using
the GCs from the HST at the very centre and the CFHT for
the outer regions. Larsen & Brodie (2000) identified a third
set of GCs called red extended GCs or faint fuzzies. For the
calculation of surface density, the faint fuzzies are excluded
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Table 3. Fitted parameters for the surface density of NGC 720,
NGC 1023 and NGC 2768 GC systems. The last column in the
table presents the extent of the GC system in each galaxy.
Name Re n bg GCS ext.
NGC (arcmin) (arcmin−2) (arcmin)
720 1.97±0.34 4.16±1.21 0.98±0.06 9.8±0.8
1023 1.00±0.35 3.15±2.85 1.27±0.12 6.2±0.5
2768 1.66±0.23 3.09±0.68 0.61±0.04 9.9±0.5
Figure 5. Surface density profile for the GC system of NGC 2768.
The plot shows HST (open circles) and Subaru (filled circles)
data. The GCs within the turnover magnitude limit, i = 23.3, are
selected for the density distribution. NGC 2768 GCs reach the
background at a galactocentric distance of 9.9 ± 0.5 arcmin (∼
10 Re) with 0.61 objects per arcmin2. The solid line represents
the Sérsic profile fitted on the GC density distribution.
(i.e. objects with V > 22.8) as the turnover magnitude limit
is i = 22.0. The area corrections are applied to account for
the detector shape of HST and for saturated stars in the
CFHT image. Figure 4 shows a plot of surface density for
the NGC 1023 GCs using HST and CFHT data. The GC
surface density for NGC 1023 is fitted with equation 3 and
fitted parameters are given in Table 3. The HST observations
are limited to 2.2 arcmin radius and the CFHT observations
extend to 15 arcmin from the centre of the galaxy. At a
galactocentric radius of 6.2 ± 0.5 arcmin the GC surface
density flattens to a constant value of ∼ 1.27 objects per
arcmin2. From the centre of NGC 1023, the GCs reach an
extent of 20 ± 2 kpc. The HST and CFHT data have not
been adjusted in surface density and are consistent with each
other in the region of overlap (when the two data are cut
at the turnover magnitude). This overlap between HST and
ground based telescope is a representation of data quality.
Young et al. (2012) investigated the GC system of NGC 1023
using the 3.5-meter WIYN telescope. The radial extent of
GC system was estimated by them to be 6.3 ± 0.8 arcmin.
Thus Young et al. (2012) and ourselves are in agreement on
the radial extent of NGC 1023 GC system.
3.1.3 NGC 2768
Figure 5 displays the radial distribution of the GC system
of NGC 2768. The data points in the inner 2.1 arcmin ra-
dius of the galaxy were obtained from the HST data and the
area beyond that was covered by the Subaru data. The data
points shown in the Figure 5 are generated from the GCs
with i < 23.3 (i.e. the turnover magnitude). The HST data
points are corrected for the detector shape. The presence
of saturated stars in the inner annular radii and the area
outside the detector were taken into account in the area cal-
culation for the Subaru data points. The GC system of NGC
2768 reaches a background value of 0.61 objects per arcmin2
at a galactocentric distance of 9.9 ± 0.5 arcmin. The surface
density distribution of the GCs is fitted with a Sérsic profile
and is shown in Figure 5. The extent of the GC system of
NGC 2768 is at least 63 ± 3 kpc. Since both data sets are cut
at the turnover magnitude, the good overlap between HST
and Subaru data sets confirms the magnitude completeness
of the Subaru data. We are unable to find any previous work
which has studied the GC extent for this galaxy.
3.2 Colour magnitude diagrams
The top panels in Figure 6 show the colour magnitude di-
agrams (CMDs) of GC candidates for the sample galaxies,
based on the selection discussed in Section 2.4. The CMDs
display all the detected objects brighter than Mi = −7.75
mag (0.5 mag fainter than the turnover magnitude) for the
respective galaxies. The bottom panels display the (g−i)
colour histograms of the same GC candidates along with
the background contamination for the respective galaxies. In
this figure, we have displayed only the data from the wide-
field imaging and not from the space-based data. Also the
histograms represent only the GC candidates detected above
the turnover magnitude. In order to estimate the colour dis-
tribution of background objects within the GC extent, we
have made use of the objects detected outside the GC sys-
tem extent. First the colour distribution of the objects out-
side the GC extent is analysed and correct for the relevant
areal coverage. Then this colour distribution (shown in lower
panels of Figure 6) is subtracted from the corresponding GC
system colours to obtain the uncontaminated GC colour dis-
tribution. The colour distribution of the background objects
generally shows a broad colour range and does not strongly
affect the GC subpopulation peaks.
All CMDs have displayed objects detected above the
magnitude Mi = −7.75 mag. The top left panel shows the
CMD for NGC 720 GC candidates detected within a galac-
tocentric radius of 9.8 arcmin (see Section 3.1), observed
using the Subaru/Suprime-Cam telescope. The colour his-
togram of detected GC candidates above the turnover mag-
nitude along with the background is displayed in the bot-
tom left panel. The CMD for the NGC 1023 GC candi-
dates is plotted in the top middle panel, detected from
the CFHT/MegaCam data. As the surface density of GC
candidates reaches the background at 6.2 arcmin from the
centre, the CMD is plotted with the objects within that
radius only. The bottom middle panel displays the colour
histogram for the GC candidates and the background. The
top right panel in Figure 6 displays the CMD for the NGC
2768 GC candidates. The diagram exhibits the GCs detected
using Subaru/Suprime-Cam data. Only the GC candidates
detected within a galactocentric radius of 9.9 arcmin are in-
cluded in the plot and the respective colour histogram for
GC candidates along with background is shown in the bot-
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Figure 6. Colour magnitude diagrams for the selected GC candidates using wide-field data. GC candidates shown in the Figure include
objects brighter than Mi = −7.75 mag within the measured GC system extent. The turnover magnitude in the i-filter is Mi = −8.23 mag,
shown as a dashed line in all three top panels. The top left panel shows the GC candidates of NGC 720 observed using Subaru/Suprime-
Cam. The open histogram is plotted in the bottom left panel representing the Subaru data with objects detected above the turnover
magnitude. The shaded area represents the estimated background for the Subaru data. The top middle panel shows the GC candidates of
NGC 1023 observed using CFHT/MegaCam. The bottom middle panel displays the histogram of GC candidates from the CFHT (open)
and the background contamination (shaded). The top right panel shows the GC candidates of NGC 2768 using Subaru/Suprime-Cam.
The histogram of the GC candidates (open) for NGC 2768 is shown along with the background (shaded) in the bottom right panel.
Figure 7. Globular cluster luminosity function in i band filter. The histograms represent the globular cluster luminosity function of the
GC systems detected for the individual galaxies. The histograms only include the GCs detected till the GC system extent estimated
from the radial surface density distributions. The dotted line at Mi = −8.23 represents the turnover magnitude in i band filter.
tom right panel. The globular cluster luminosity function
(GCLF) for the detected GCs is plotted in Figure 7 for the
three galaxies.
3.3 GC bimodality
3.3.1 Colour histograms
Figure 8 illustrates the colour histograms of GCs corrected
for the background contamination. The background contam-
inations for each GC system (shown in bottom panels of
Figure 6), after area correction, is subtracted and the final
GC colour distribution is shown. The final list of detected
GCs above the turnover magnitude after background con-
tamination correction includes 554 (Subaru) for NGC 720,
62 (HST) and 105 (CFHT) for NGC 1023, and 147 (HST)
and 139 (Subaru) for NGC 2768.
The left panel of Figure 8 shows the NGC 720 GC colour
histogram using Subaru/Suprime-Cam data. The galaxy
shows a clear distinction between the blue and red sub-
populations with more blue than red GCs. The blue and
red GC subpopulations of NGC 720 peak in colour around
(g−i) = 0.8 and 1.1 respectively. The middle panel shows
the colour histogram for NGC 1023 GCs using HST/WFPC2
and CFHT/MegaCam data. The colour distribution shows a
bimodal nature with two peaks around (g−i) = 0.8 and 1.05.
The right panel represents the colour histogram of NGC
2768 GCs detected using HST/ACS and Subaru/Suprime-
Cam data. Both data sets show a bimodal colour distribu-
tion. The blue and red subpopulations peak in colour at
(g−i) = 0.8 and 1.1 respectively.
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Figure 8. Colour histograms of GCs after the correction for background contamination. The estimated background contamination for
the respective GC system is subtracted from the total GCs and the corrected GCs are represented in histograms. The left panel shows
the final GCs of NGC 720 detected using Subaru/Suprime-Cam. The histogram shows a clear bimodal colour distribution for NGC 720.
The middle panel shows the GCs of NGC 1023 observed using HST/WFPC2 (shaded area) and CFHT/MegaCam (open area) data.
The right panel shows the GCs of NGC 2768 using HST/ACS (shaded area) and Subaru/Suprime-Cam (open area). The background
subtraction has improved the colour histograms shown in Figure 6 and now the peaks for the blue and red subpopulations are more
distinctly seen.
The CMDs and colour histograms for the three sample
galaxies strengthen the bimodal distribution of GCs for the
galaxies. Kissler-Patig et al. (1996) studied the GC system
of NGC 720, but did not detect bimodality. Larsen & Brodie
(2000) confirm the bimodal distribution for NGC 1023 GCs
using the HST/WFPC2 data. Later, Young et al. (2012) re-
confirmed the presence of multiple subpopulations in NGC
1023 using WIYN data. NGC 2768 was the only galaxy de-
tected with a clear bimodal colour distribution in a survey
of 29 S0 galaxies by Kundu & Whitmore (2001).
3.3.2 Gaussian mixture modeling
Gaussian mixture modeling (GMM) is an algorithm to sta-
tistically quantify whether a distribution is unimodal or mul-
timodal (Muratov & Gnedin 2010). The well known Kaye’s
Mixture Model (KMM, Ashman et al. 1994) algorithm is
among the general class of algorithms of GMM. Based on
three statistics, the GMM signifies the presence of a multi-
modal distribution over unimodal. They are: 1. confidence
level from the parametric bootstrap method (low values in-
dicate a multi-modal distribution), 2. separation (D) of the
means relative to their widths (D > 2 implies a multi-modal
distribution) and 3. kurtosis of the input distribution (neg-
ative kurtosis for multi-modal distributions).
NGC 720: The GMM algorithm fit to the NGC 720
GC data gives a bimodal colour distribution with two peaks
at (g−i) = 0.793 ± 0.010 and 1.125 ± 0.012. The widths
for the blue and red GCs are 0.104 and 0.090 respectively.
The GMM algorithm partitions the total GC system into
64 percent blue and 36 percent red GC subpopulations. The
parametric bootstrap method rules out the unimodal dis-
tribution with a confidence level better than 0.01 percent
(implying that a multimodal distribution is supported with
>99.9 percent probability) and D = 3.42 ± 0.16 for the NGC
720 GCs.
NGC 1023: Using GMM on the HST data, the GC
system of NGC 1023 has D = 3.55 ± 0.53 supporting multi-
modality. The peaks of the blue and red subpopulations are
(g−i) = 0.785 ± 0.015 and 1.017 ± 0.022 respectively. The
estimated widths for the subpopulations are 0.033 and 0.086.
The total GC system consists of 38 percent blue and 62 per-
cent red subpopulations. The heteroscedastic fit for the GCs
of NGC 1023 from CFHT data gives a blue peak at (g−i) =
0.799 ± 0.020 and a red peak at 1.038 ± 0.022. GMM algo-
rithm divides the total GCs into 43 and 57 percent blue and
red GCs respectively. The blue and red peaks have a width
of 0.069 and 0.091 respectively. GMM provides similar peak
values for the subpopulations from the two data sets. Larsen
& Brodie (2000) give the peak values of two subpopulations
from the KMM test, i.e. (V−I) = 1.02 and 1.25, which are
in reasonable agreement with the values derived from GMM
i.e. (V−I) = 0.99 ± 0.01 and 1.26 ± 0.02.
NGC 2768: The GMM algorithm gives a multimodal
colour distribution for the NGC 2768 GC system from the
HST data. The blue and red subpopulations peak in colour
around (g−i) = 0.821 ± 0.017 and 1.101 ± 0.025 respec-
tively. GMM provides the widths of the two subpopulations
as 0.085 and 0.109. The value of D statistic is greater than
2.89, supporting two well separated subpopulations for the
NGC 2768 GC system. We then applied the GMM algo-
rithm to the GC colours from the Subaru imaging. The het-
eroscedastic split in GCs peak at (g−i) = 0.819 ± 0.015 and
1.076 ± 0.017 with respective widths of 0.075 and 0.079 for
the two subpopulations. The separation between two sub-
populations is 3.65, supports bimodal distribution. The to-
tal GC system is divided into 65 percent blue and 35 percent
red subpopulations.
3.3.3 Colour - metallicity transformation
Usher et al. (2012) give the colour - metallicity relation de-
rived from an analysis of 903 GCs. The relation for GCs
with (g−i) > 0.77 is of the form:
[Z/H] = [(3.49± 0.12)× (g − i)] + (−4.03± 0.11). (4)
We have converted the peak colours for the GC subpopula-
tions of the three galaxies into metallicity, and listed them
in Table 4. The peak metallicity for the blue and red sub-
populations agrees with the GC colour/metallicity - galaxy
luminosity relation (Peng et al. 2006; Faifer et al. 2011).
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Figure 9. Two dimensional sky images of three galaxies: NGC 720, NGC 1023 and NGC 2768. The galaxy stellar light is subtracted from
the individual images with North up and East on the left. Each galaxy image covers an area of 10, 6.3 and 10 square arcmin centered
on the galaxy, respectively, for NGC 720, NGC 1023 and NGC 2768. The blue and red open circles represent the positions of the blue
and red GC candidates detected from the ground based telescopes, whereas the blue and red open squares represent the positions of the
blue and red GC candidates detected from the HST.
Table 4. The peak values of colour for the blue and red GC sub-
populations derived from GMM. The colour - metallicity relation
given by equation 4 is used to derive the corresponding metallic-
ity shown below. For NGC 1023 and NGC 2768, the peak colour
and metalicity values from both data are recorded.
Galaxy Blue GCs Red GCs
NGC (g−i) [Z/H] (g−i) [Z/H]
720 0.793±0.010 -1.26±0.07 1.125±0.012 -0.10±0.08
1023 0.785±0.015 -1.29±0.10 1.017±0.022 -0.48±0.150.799±0.020 -1.24±0.14 1.038±0.022 -0.41±0.15
2768 0.821±0.017 -1.16±0.12 1.101±0.025 -0.19±0.170.819±0.015 -1.17±0.10 1.076±0.017 -0.27±0.12
Figure 10. GC subpopulations of NGC 720. Surface densities
for the blue (diamonds) and red (triangles) GCs of NGC 720 are
shown. The open and the filled symbols represent the Gemini and
the Subaru data respectively. A Sérsic profile is fitted to the three
GC distributions and is displayed in respective colour solid lines
along with the total system in a black solid line.
Figure 11. GC subpopulations of NGC 2768. The data sets in-
clude HST (open symbols) in the inner 2.1 arcmin radius and
Subaru (filled symbols) to 20 arcmin. The radial density distribu-
tion for the blue (diamonds) and red (triangles) GCs are shown.
The solid lines are the Sérsic profiles for the two subpopulations
and the total system in black solid line.
3.4 GC subpopulations
With our high quality photometric data, we are able to sep-
arate the GC subpopulations and investigate their proper-
ties. Figure 9 shows the two dimensional images of the three
galaxies after the subtraction of galaxy stellar light. The po-
sitions of the blue and red GCs are displayed on each galaxy
image. Only the GCs detected within the turnover mag-
nitude are used in the study of GC subpopulations. First
the surface density distribution of GC subpopulations with
galactocentric radius is analysed. For this, the GC system
of NGC 720 is classified into blue and red subpopulations
dividing at the colour (g−i) = 0.98 (the colour at which the
Gaussian distributions for the two subpopulations cross in
the GMM fit). The subpopulations are separately binned
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Table 5. Fitted parameters for the surface density of blue and
red GC subpopulations of NGC 720 and NGC 2768. We are not
able to fit the GC subpopulations of NGC 1023.
NGC GCs Re n bg
(arcmin) (arcmin−2)
720 Blue 3.93±2.30 4.78±2.30 0.63±0.06Red 1.33±0.31 5.55±2.53 0.39±0.04
2768 Blue 1.83±0.27 2.78±0.64 0.33±0.03Red 1.50±0.23 2.53±0.79 0.25±0.05
in galactocentric radius and the surface density values are
calculated. Figure 10 displays the estimated values of back-
ground subtracted surface density for the blue and red GCs
along with the total system. The Gemini and Subaru data
are merged together to obtain the distribution from a galac-
tocentric radius of 0.18 to 18 arcmin. The surface densities
are fitted with a Sérsic profile (see Equation 3). The fitted
parameters for the blue and red GCs are recorded in Table
5. The blue subpopulation has a density enhancement over
the red subpopulations over the whole range of radius ex-
cept in the central 0.9 arcmin. The effective radius for the
blue subpopulation is larger than for the red subpopulation.
Due to the small number of detected GCs within the
turnover magnitude, we are unable to fit the distribution of
GC subpopulations of NGC 1023.
For NGC 2768, the GCs are classified into blue and red
subpopulations at (g−i) = 0.96 (from the GMM fit). The
background subtracted surface density values for the blue
and red subpopulations are plotted in Figure 11. Both the
HST and Subaru data are incorporated in the figure. The
radial density distributions for blue and red subpopulations
are fitted with a Sérsic profile. Table 5 tabulates the fitted
parameters for the blue and red GC density distributions.
The blue and red GCs have similar density profiles, with the
more extended blue subpopulation.
3.5 Radial colour distribution
The blue and red subpopulations of NGC 720 are separated
at a colour of (g−i) = 0.98. The average colour in each radial
bin is estimated separately for blue and red subpopulations.
Neither the red nor the blue subpopulations from the Sub-
aru data reveal a colour gradient. The average colour values
for the two subpopulations with galactocentric radius are
displayed in Figure 12.
The separation between the two subpopulations for
NGC 1023 GCs is (g−i) = 0.88 (from the GMM fit) for
the HST and the CFHT data. The averaged colour values
in each radial bin for the HST and the CFHT data sets are
plotted in Figure 13. The individual GCs from the HST and
CFHT are also plotted in the figure. A positive colour gradi-
ent is visible for the HST red subpopulation (slope = 0.028
± 0.009 mag per arcmin).
Figure 14 shows the radial colour distribution for the
blue and red GCs of NGC 2768 to a galactocentric distance
of 12 arcmin from the centre. The GCs are categorised into
blue and red subpopulations at (g−i) = 0.96. Figure 14 dis-
plays the individual GCs from the HST and the Subaru data.
The radial colour distribution from the Subaru data does not
Figure 12. Colour distribution of NGC 720 GC system with
galactocentric radius. The individual GCs from the Subaru data
are represented by yellow squares. The mean colours over partic-
ular bins in radius are shown as filled circles for Subaru data. The
separation for blue and red GCs is shown with a dashed line at
(g−i) = 0.98.
Figure 13. Colour distribution of NGC 1023 GC system with
galactocentric radius. The plot shows the average colour for the
blue and red subpopulations using HST (open circles) and CFHT
(filled circles) data. The individual GCs are represented by plus
signs (HST) and squares (CFHT). The separation between the
blue and the red GCs is shown with a dashed line at (g−i) =
0.88. The blue GCs show a constant colour with galactocentric
radius, while the red GCs show a positive slope (0.028 ± 0.009
mag per arcmin) in the inner region and a constant colour for
larger radii.
show any statistically significant radial trend, which might
be caused by the contamination from the ground based data.
But the inner blue GCs from the HST data show a slight
negative slope (0.007 ± 0.002 mag per arcmin).
The radial colour distribution is an important tool to
study different GC formation scenarios. In the cases of NGC
1407 and M87, both GC subpopulations show a negative
colour gradient, supporting an in-situ dissipative formation
scenario for the GCs. Beyond a transition radius, the GCs
do not show a colour gradient. The GCs exterior to the tran-
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Figure 14. Colour distribution of NGC 2768 GC system with
galactocentric radius. The HST (open circles) and the Subaru
(filled circles) data are incorporated in this figure. The average
colour values in radial bins for the blue and the red subpopula-
tions are represented by blue and red circles respectively. The in-
dividual GCs from the HST (plus signs) and the Subaru (squares)
are also displayed in the figure. The separation for blue and red
GCs is shown with a dashed line at (g−i) = 0.96. The blue GCs
selected from the HST data show a slight negative gradient with
a slope of 0.007 ± 0.002 mag per arcmin.
Figure 15. Azimuthal distribution of NGC 720 GCs. The his-
tograms in black, blue and red represent the azimuthal distribu-
tion of total, blue and red GCs of NGC 720 respectively. The
distribution is fitted with the profile given by equation 5 which
is also plotted in the figure as solid (total system), dotted (blue
subpopulation) and dashed (red subpopulation) lines. The host
galaxy starlight (dashed vertical line) is aligned at a position an-
gle of 142 ± 5 degrees which matches with the total system, the
blue and red subpopulations of GCs.
sition region may be formed by ongoing accretion/mergers.
The data used for the NGC 1407 study (Forbes et al. 2011)
came from three band imaging with subarcsecond seeing us-
ing the Subaru telescope. The colour gradient observed for
the M87 GCs (Harris 2009b) was taken with multi-band fil-
ters using the CFHT and the seeing for the observation was
0.8 arcsec.
Figure 16. Azimuthal distribution of NGC 1023 GCs. The den-
sity of total system of GCs and blue and red GC subpopulations
are shown in black, blue and red histograms. The fitted lines
(same patterns and colours as given in Figure 15) represent the
profile given by equation 5 for NGC 1023 GCs. The dashed ver-
tical line represents the position angle of the galaxy light (PA
= 87 degrees). The total system and red subpopulation of NGC
1023 GCs are arranged in elliptical rings along the position an-
gle of the galaxy light. In contrast the blue subpopulation shows
a nearly flat azimuthal distribution (indicating a more circular
distribution).
3.6 Azimuthal distribution
We study the azimuthal distribution of the GC systems and
their blue and red subpopulations. The position angles of
individual GCs (θ) are estimated from the Right Ascen-
sion and Declination from the centre of the galaxy keep-
ing 0 degree for North and measuring counter-clockwise. We
binned the GCs in wedges of 18 degrees and fitted a profile
(McLaughlin et al. 1994) of the form:
σ(R, θ) = kR−α
[
cos2(θ − PA)+
(1− 2)−2sin2(θ − PA)]−α/2 + bg (5)
where σ(R, θ) is the azimuthal distribution of GCs at radius,
R and angle θ, α is the power law index fitted to the surface
density of GCs, bg is the background estimated from the
Sérsic fits (see Section 3.1) and k is the normalization con-
stant. The profile is iterated with the position angle of the
GC system (PA) and the ellipticity () as free parameters.
3.6.1 NGC 720
For NGC 720, the position angle of the galaxy light is 142
degrees and the number of GCs in the azimuthal distribu-
tion peaks around 138 degrees for the total GC population
(see Figure 15). The ellipticity value determined for the to-
tal GC system is 0.28 ± 0.06, while the galaxy light has
an ellipticity of 0.47 ± 0.05. The GC system of NGC 720
matches with the galaxy light in position angle but not in
ellipticity. The azimuthal distribution is also determined for
the blue and red subpopulations and recorded in Table 6.
Both the blue and red subpopulations are aligned along the
position angle of the galaxy light. Also the ellipticity of the
red subpopulation is in good agreement with the galaxy stel-
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Table 6. Position angle and ellipticity for the GC systems of NGC 720, NGC 1023 and NGC 2768. The values for the GCs are determined
by fitting equation 5 to the histograms of azimuthal distribution. The table displays the values of the parameters for the total system,
blue and red GCs along with the host galaxy stellar properties obtained from HyperLeda (Paturel et al. 2003).
NGC 720 NGC 1023 NGC 2768
Type PA  Type PA  Type PA 
(degrees) (degrees) (degrees)
Galaxy Stars 142±5 0.47±0.05 Galaxy Stars 87±5 0.58±0.05 Galaxy Stars 93±3 0.60±0.03
GCs Total 138±6 0.28±0.06 GCs Total 89±7 0.35±0.09 GCs Total 89±2 0.59±0.03
GCs Blue 142±8 0.26±0.06 GCs Blue 110±32 0.15±0.15 GCs Blue 90±3 0.57±0.04
GCs Red 134±6 0.37±0.08 GCs Red 84±6 0.57±0.08 GCs Red 87±3 0.60±0.05
lar light. Kissler-Patig et al. (1996) studied the shape of the
GC system and the host galaxy. They estimated the position
angle and ellipticity for the GC system as 147 ± 10 degrees
and 0.5 ± 0.1, whereas the starlight had 142 ± 3 degrees
and 0.45 ± 0.05 respectively. We conclude that our findings
about the position angle and ellipticity of the GC system
of NGC 720 matches well with Kissler-Patig et al. (1996).
They have also found that the position angle (115 ± 15 de-
grees) and ellipticity (0.2 - 0.3, Buote & Canizares 1994) of
the X-ray gas in NGC 720 differs from those shown by both
the host galaxy stars and the total GC system. We note that
the ellipticity of the X-ray gas and the blue subpopulation
are in reasonable agreement. Although the ellipticities are
consistent, we note that the PAs are not. This consistency
in ellipticities implies that both the X-ray gas and blue sub-
population might have a common dynamical behaviour and
hence strengthens the connection between the blue subpop-
ulation and galaxy haloes (Forbes et al. 2012b).
3.6.2 NGC 1023
The azimuthal distribution for the NGC 1023 GCs are shown
in Figure 16. The profiles obtained from equation 5 are fitted
to the different GC subpopulations and displayed in Figure
16. The photometric position angle for the galaxy NGC 1023
is 87 degrees and the best fitted profile for the total and
red GCs peaks at a similar values within errors. The red
GCs of NGC 1023 are aligned along the position angle of
the galaxy light with ellipticity,  = 0.57 ± 0.08. The best
fitted profile generated by equation 5 for the blue GCs shows
a flat distribution. The profile peaks at 110 ± 32 degrees
and represents a nearly circular distribution for the blue
subpopulation of NGC 1023.
3.6.3 NGC 2768
Figure 17 displays the azimuthal distribution of the total
system, blue and red subpopulations of NGC 2768 GCs. The
distributions are fitted with sinusoidal profiles given by the
equation 5 and are shown in the figure. Table 6 displays
the position angle and ellipticity values estimated from the
fitted profiles. Both the blue and red GC subpopulations
are distributed with  ∼ 0.58 along the position angle of
galaxy light (PA = 93 degrees). In addition, the estimated
values for the total GC system match well with both the
subpopulations.
Figure 17. Azimuthal distribution of NGC 2768 GCs. The his-
tograms in black, blue and red represent the azimuthal distribu-
tion of total, blue and red GCs of NGC 2768. The fitted lines
(same patterns and colours as given in Figure 15) represent the
profile given by equation 5 for NGC 2768 GCs. The position angle
of the galaxy stellar light (PA = 93 degrees) is represented by the
dashed vertical line. The total system, red and blue GCs of NGC
2768 have an ellipticity value of 0.58 ± 0.06. The position angles
of the GC system and subpopulations match with the galaxy light
of NGC 2768.
3.7 Specific frequency
Two key properties of a GC system that can be estimated
accurately using wide-field imaging data are the total num-
ber of GCs and the specific frequency. The specific frequency
(SN ) of a GC system is the total number of GCs in a galaxy
per unit host galaxy luminosity. In order to compare the
GC systems of galaxies, the value of SN is a useful param-
eter. The value of SN may be dependent on galaxy mor-
phology, mass, luminosity and environment. For elliptical
and lenticular galaxies, the value of SN ranges from 2 to 6
(Elmegreen 1999; Harris 1991) depending on the host galaxy
mass/luminosity. The value of SN is defined by the relation
of Harris & van den Bergh (1981):
SN = NGC 100.4(M
T
V +15). (6)
The parameter NGC (the total number of GCs) is esti-
mated from the surface density distribution of GC systems.
To determine the total number of GCs, the area under the
Sérsic profile fitted to the radial density distribution of GCs
(from the centre out to the radius at which it reaches the
background) is integrated and then doubled (by assuming
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a symmetric GC luminosity function, only GCs within the
turnover magnitude have been counted). MTV in equation 6
represents the total absolute magnitude in the V band.
For NGC 720, NGC 1023 and NGC 2768, the total num-
ber of GCs is estimated to be 1489 ± 96, 548 ± 59 and 744 ±
68 respectively. The total visual magnitude for the respec-
tive galaxies is MTV = −21.68 ± 0.05, −21.07 ± 0.06 and
−21.91 ± 0.1 mag. Hence the specific frequency of GCs in
NGC 720, NGC 1023 and NGC 2768 is calculated to be 3.2
± 0.2, 1.8 ± 0.2 and 1.3 ± 0.1.
Kissler-Patig et al. (1996) estimated the total number
of GCs for NGC 720 to be 660 ± 190. They derived a specific
frequency of 2.2 ± 0.9. The GC extent used to derive these
properties is 2.67 arcmin, but the extent from our study is
9.8 ± 0.8 arcmin. The difference in the estimation of GC
extent is responsible for the difference in NGC and hence
SN . For NGC 1023, Young et al. (2012) estimated NGC =
490 ± 30 and SN = 1.7 ± 0.3 for the GC system of NGC
1023. With the estimation of a similar extent for GC system
of NGC 1023, we have derived NGC = 548 ± 59 and SN
= 1.8 ± 0.2. Both the estimations are in good agreement
with each other for NGC 1023. Kundu & Whitmore (2001)
studied the GC system of NGC 2768 using HST/WFPC2
data and calculated the total number of GCs in their field
of view as 343 with a local SN of 1.2 ± 0.4 using MFOVV =
−21.2. The estimated NGC using our wider field of view is
double the number determined from the smaller field of view
of WFPC2. We note that NGC 2768 is found to have a lower
SN value compared with S0 galaxies of similar luminosity
(Brodie & Strader 2006).
4 GLOBAL RELATIONS OF GC SYSTEMS
In this section, we explore five global scaling relations be-
tween the GC systems and their host galaxy. Along with the
above discussed three galaxies, we include 33 literature stud-
ied galaxies plus four (NGC 821, NGC 1407, NGC 4278 and
NGC 4365) galaxies from earlier SLUGGS studies. We have
carried out a selection of galaxies based on their available
GC system properties and used the same selection criteria as
adopted in Spitler et al. (2008), followed from Rhode et al.
(2005). The main criteria followed for the selection of litera-
ture galaxies are: the GC system must have been observed in
two filters with an estimate of total GC number, the fraction
of blue to red GCs must have been given or can be calculated
and the uncertainties in the estimated parameters should be
< 40 percent. In our sample of 40 galaxies selected for this
scaling relation study, three lack an estimate of GC system
extent and the other two lack the ratio of blue to red GCs,
but all have a reliable total GC number estimate.
4.1 GC system extent versus galaxy stellar mass
Rhode et al. (2007) and Rhode, Windschitl, & Young (2010)
have given a relation between the radial extent of a GC sys-
tem and the host galaxy stellar mass for 11 galaxies. The
extent of a GC system is defined as the radial distance at
which the GC surface density distribution reaches the back-
ground. The host galaxy mass is estimated from the absolute
visual magnitude making use of mass to light ratios given
by Zepf & Ashman (1993). The mass to light ratios applied
Figure 18. Radial extent of GC system versus log galaxy mass.
The galaxies studied by the SLUGGS survey are represented
with double star and double hexagon symbols, while others repre-
sent galaxies studied using wide-field photometry from the litera-
ture. Elliptical, lenticular and spiral galaxies are drawn with star,
hexagon and spiral symbols respectively. The linear fits given by
equations 7 and 10 are shown by a straight line and a dot-dash
line respectively. The dashed line depicts the linear relation given
by equation 9 from Rhode et al. (2007).
for the different Hubble types are as follows : M/L = 10 for
elliptical galaxies, 7.6 for S0 galaxies, 6.1 for Sa - Sb galax-
ies and 5 for Sc galaxies. Before discussing the GC extent
versus galaxy stellar mass relation, we discuss the possible
sources of error.
The galaxy stellar mass is derived from the galaxy V
band magnitude, distance and mass to light ratio. Measure-
ment of the total magnitude involves a typical error of 0.05
to 0.2 mag. Another large error comes from the mass to light
ratio for different galaxy morphologies. For a given Hubble
type, the mass to light ratio for a sample of galaxies is not
constant. For example, NGC 1316 is included as an elliptical
galaxy, and assumed to have a value of M/LV = 10 (Zepf &
Ashman 1993). However, Shaya et al. (1996) found a lower
mass to light ratio of 2.2 for the galaxy. A possible expla-
nation for the lower value is the presence of an intermediate
age stellar population (Shaya et al. 1996; Kuntschner 2000).
Estimation of mass to light ratios for individual galaxies is
a difficult process. Here we use the Zepf & Ashman (1993)
values, but note the potentially large source of error.
Errors in the GC system extent include the galaxy dis-
tance errors, the bin size errors involved in GC surface den-
sity distribution and issues due to image quality. The main
component determining a precise GC spatial extent is the
imaging quality. In order to completely observe the extent of
a GC system, wide-field imaging data from a large aperture
telescope must be used. Imaging data needs to be observed
in good seeing conditions which reduces the contamination
in point source identification. Also GC selection from multi-
c© 2013 RAS, MNRAS 000, 1–??
Wide-field studies of three early-type galaxies 15
filtered imaging data reduces the contamination. For exam-
ple, NGC 720 has a GC system 3 times larger (this work)
than the literature estimate (Kissler-Patig et al. 1996), with
the use of better quality and wider field data. The amount of
contamination in a three filter imaging data can be as low
as ∼5 percent (Romanowsky et al. 2009). Hence accurate
estimations of GC system extent using wide-field imaging
data is needed to reduce errors.
We have expanded the Rhode et al. (2007, 2010) stud-
ies of GC system extent versus host galaxy mass (for 11
galaxies) by including another 26 galaxies: three from this
work, four from the earlier SLUGGS studies and nineteen
from other literature studies (as the GC system extent is
not estimated for the other three galaxies). Table 9 tabu-
lates the distance, total visual magnitude, estimated galaxy
mass and the GC extent for the sample of 37 galaxies. The
extent of GC systems against the host galaxy mass is plotted
and displayed in Figure 18. As the galaxy mass increases, it
is evident from the figure that the extent of GC systems
grows. Or in other words, more massive galaxies accommo-
date more extended GC systems.
The best fitted linear and second order polynomial (not
shown in the Figure 18) are:
y = [(70.9± 11.2)× x]− (762± 127) (7)
y = [(40.9± 4.3)× x2]− [(879± 97)× x] (8)
+(4726± 546)
respectively, where x is the log stellar mass in M and y is
the spatial extent of GC system in kpc. Figure 18 also shows
the linear fit from Rhode et al. (2007):
y = [(57.7± 3.7)× x]− (619± 41). (9)
The slope of the linear fit has changed with the addition of
more galaxies and is steeper than in Rhode et al. (2007).
The second order polynomial fit given by Equation 8 also
provides a reasonable match to the data.
In order to better understand the relation between the
GC system extent and host galaxy mass, we analysed the
host galaxy’s morphology. The total sample is divided into
different Hubble types and shown with different symbols in
the figure (see the caption of Figure 18). Spiral galaxies are
positioned at the bottom left side of the figure. Since the
extent of a GC system for spiral galaxies in the sample is
found to be independent of the host galaxy mass, we did
a separate analysis excluding them. In the total sample of
galaxies, we have seventeen elliptical galaxies and ten lentic-
ular galaxies. Although most of the early-type galaxies agree
well with the fitted linear relation (within error bars), some
are displaced from the fit (i.e. NGC 4365, NGC 1407, NGC
4374). Another linear fit is carried out only for the 27 early-
type galaxies and is shown in Figure 18, which is given by:
y = [(80.5± 15.7)× x]− (872± 179). (10)
It is evident from Figure 18 that the spatial extent of
GC systems is larger for more luminous early-type galaxies.
With this limited sample of galaxies, we conclude that
the spatial extent of GC systems is proportional to the host
galaxy stellar mass. This result is in agreement with Rhode
et al. (2007), but our linear fit is steeper than Rhode et al.
(2007) (since the majority of their sample was spiral galax-
ies), when more galaxies are included. The main errors af-
Figure 19. Radial extent of GC system versus galaxy effective
radius for early-type galaxies. The symbols shown in the figure
are same as in the Figure 18. The linear fit given by equation 11
is drawn with a solid line. The typical 20 percent error at Re =
2 and 7 kpc are shown at the top of the figure.
fecting the relation are the image quality and the assumed
constant mass to light ratios for galaxies of individual Hub-
ble type. With our sample of galaxies, we also infer that the
extent of a GC system is only weakly dependent on galaxy
stellar mass for late-type galaxies.
4.2 GC extent versus galaxy effective radius
Given the errors associated with determining galaxy stellar
mass, we now examine galaxy effective radius. The effective
radius (Re) is defined as the galaxy radius comprising half
of the total luminosity. We exclude the late-type galaxies
from this analysis because the effective radius for late-type
galaxies includes the bulge plus extended disc components,
but only the bulge component for early-type galaxies. This
is done for the sake of uniformity.
The effective radii for early-type galaxies are taken from
Faber et al. (1989), Bender et al. (1992) and Cappellari et al.
(2011). The effective radius for NGC 1387 is taken from de
Vaucouleurs et al. (1991) and we have multiple measure-
ments for other galaxies. Faber et al. (1989) and Bender
et al. (1992) estimated effective radii from de Vaucouleurs
fits to the surface brightness profiles. Cappellari et al. (2011)
derived the effective radii combining the RC3 and 2MASS
determinations, both measurements are based on growth
curves. Estimation of the effective radius includes a large
error of ∼ 20 percent (Cappellari et al. 2011). This error
has a greater effect on larger sized galaxies (as shown in
Figure 19). The priority for effective radius values used here
are Cappellari et al. (2011), then Faber et al. (1989) and fi-
nally Bender et al. (1992). The effective radii for the sample
galaxies are also recorded in Table 9. Figure 19 shows the GC
system extent versus effective radius for early-type galaxies.
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Figure 20. GC system effective radius versus galaxy effective
radius. The plot displays six galaxies from the SLUGGS survey.
The GC system effective radius is derived from the Sérsic profile
fitted to the radial surface density distribution of GCs and the
galaxy effective radius is discussed in Section 4.2. The straight line
shown in the figure is given by fitting the data with the bootstrap
technique.
As evident from the figure, the GC system extent is larger
for greater effective radii. A linear fit is carried out for the
sample of 27 galaxies and is represented with a straight line
in Figure 19. The fitted linear relation between GC system
size and galaxy size is given by:
y = [(14.1± 2.1)× x]− (16.2± 10.1) (11)
where x represents the galaxy effective radius and y repre-
sents the spatial extent of GC system. For a sample of 27
early-type galaxies the extent of a GC system is ∼14 times
the effective radius of the host galaxy. An advantage of this
relation is that it is independent of an assumed mass to light
ratio as needed in Section 4.1. Hence, Figure 19 provides a
better understanding between GC system extent and their
host galaxies.
4.3 GC system effective radius versus galaxy
effective radius
Although we can confirm the correlation of GC spatial ex-
tent with galaxy mass as found by Rhode et al. (2007), we
also find evidence that the measurement of the spatial ex-
tent is strongly dependent on the quality of the data used.
Thus the Rhode et al. (2007) correlation should be consid-
ered more as a general trend than a quantitative relation.
A better quantity to use is the effective radius of the GC
system, although this has only been measured for a handful
of GC systems to date.
Here we plot GC system effective radius versus galaxy
effective radius. The effective radius of the GC system is
derived from a Sérsic profile fitted to the radial GC surface
Table 7. Effective radius of GC systems from a Sérsic fit and their
host galaxy. The reference for GC system and galaxy effective
radii are given in the last column respectively.
Galaxy Effective radius Ref.
NGC GC system (kpc) Stellar light (kpc)
720 13.7±2.2 4.60±0.9 1, 5
1023 3.3±0.9 2.57±0.5 1, 6
1407 25.5±1.4 8.06±1.6 2, 5
2768 10.6±1.8 6.66±1.3 1, 6
4278 11.3±1.5 2.39±0.5 3, 6
4365 41.3±8.1 5.92±1.2 4, 6
1. This work 2. Spitler et al. (2012) 3. Usher et al. (2013) 4.
Blom et al. (2012) 5. Faber et al. (1989)
6. Cappellari et al. (2011)
density profile. Most literature studies have used a power
law or de Vaucouleurs law (a Sérsic fit with n fixed to 4) to
analyse the GC radial density distribution. Figure 20 shows
the plot for six SLUGGS galaxies available with both pa-
rameters (recorded in Table 7). We have linearly fitted the
data with the bootstrap technique and found:
y = [(5.2± 3.7)× x]− (8.5± 6.5) (12)
where x and y represent galaxy and GC system effective
radius respectively.
The GC system spatial extent (shown in Figure 18 &
19) includes errors mainly from quality of data used. But
the GC system effective radius is a more reliable parameter
as it is derived from a Sérsic profile. Hence, we suggest GC
system effective radius versus galaxy effective radius as a
better version of Figure 18.
4.4 Ratio of blue to red GC number as a function
of host galaxy density
Tonini (2013) has performed a series of Monte Carlo sim-
ulations to study the assembly history of galaxies and the
formation of associated GC systems. One prediction is that
galaxies in higher density environments are expected to have
a higher minor merger/accretion frequency and hence to
contain a higher number of accreted blue GCs. According
to Tonini’s prediction, the ratio of blue to red GCs should
be larger for galaxies in higher density environments.
To quantify the density of environment around a galaxy,
we have employed the local density parameter. We use the
local environment density as a proxy for the merger his-
tory in comparison with Tonini (2013). Tully (1988) has es-
timated the local density parameter ρ (in Mpc−3) for 2367
galaxies in the Nearby Galaxies Catalog. He defined it as
the number of galaxies per Mpc−3 found around a galaxy
within a smoothing length σ. The density parameter is given
by:
ρ =
∑
i
C exp [−r2i /2σ2] (13)
where C = 1/(2piσ2)3/2 = 0.0635/σ3 is a normalization co-
efficient, ri is the projected distance towards the ith galaxy
from the central galaxy and the distribution around each
galaxy is fitted with a Gaussian profile of half width σ.
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Figure 21. Ratio of blue to red GCs versus density of environ-
ment. Spirals, lenticular galaxies and elliptical galaxies are repere-
sented by spirals, hexagons and stars respectively. The double
symbol points are the galaxies from SLUGGS survey and others
from the literature. We did not find any correlation for the spi-
ral and elliptical galaxies. But we found that the ratio of blue to
red GCs decreases with the density of environment for lenticular
galaxies (the fitted linear relation is shown as a straight line).
Note the presence of two overlapping galaxies, NGC 4754 and
NGC 4762, around the coordinates (2.6, 0.7).
The density parameter ρ is the sum over all galaxies ex-
cluding the central galaxy. The definition of ρ given above
does not take into account the incompleteness of the cat-
alogue at large distances. Hence, the ρ values calculated
by Tully (1988) have a large uncertainty factor. The envi-
ronmental measure should ideally give an indication of the
merger/interaction history for individual galaxies. As such
a measure is unavailable, we use ρ as a proxy.
Using our total sample of galaxies, we searched for con-
firmation of Tonini’s prediction. The galaxies with reliable
GC number ratios are selected based on the criteria men-
tioned in Section 4.1 and are tabulated in Table 9 along
with ρ. Figure 21 shows the ratio of blue to red GCs versus
the local density parameter ρ. Galaxies of different morpho-
logical types are shown with different symbols in the figure.
It is visible from the figure that there is no strong correlation
between the density of environment and the blue to red GC
number ratio for elliptical and spiral galaxies. However, we
find an anti-correlation for the lenticular galaxies: the ratio
of blue to red GCs decreases with increasing local density.
With the bootstrapping technique, a best fit linear relation
to the data points of lenticular galaxies is:
y = [(−0.59± 0.07)× x] + (−0.031± 0.052) (14)
where x and y represent log(ρ) and log(NBGC/NRGC) re-
spectively. This negative slope implies that there is a higher
relative number of red GCs for lenticular galaxies in denser
environments. We note that the correlation still holds if the
galaxy with the lowest blue to red ratio (NGC 1387) is re-
moved from the sample.
Cho et al. (2012) studied ten early-type galaxies in low
density environments using HST/ACS data. They compared
the properties with cluster galaxies from the ACS Virgo
Cluster Survey (ACSVCS, Côté et al. 2004). They found
that the mean colour of GCs is bluer and also the relative
fraction of red GCs is lower for field galaxies than for the
cluster galaxies from the ACSVCS. From these trends, they
inferred that the galaxy environment has only a weak ef-
fect on the formation and mean metallicities of GCs, while
the host galaxy luminosity/mass plays a major role. They
also suggested a possible explanation for the environmental
dependence whereby the GC formation in dense environ-
ments is affected by neighbouring galaxies through interac-
tion/accretion which produces a large variation in the GC
system properties for galaxies in high density environments.
Spitler et al. (2008) investigated the relationships of
Tblue (the number of blue GCs normalised to the host galaxy
stellar mass) with host galaxy stellar mass (M∗) and local
density ρ. They studied a sample of 25, mostly elliptical,
galaxies with only two lenticular galaxies. Both Tblue versus
M∗ and Tblue versus ρ, showed positive trends implying a
lower Tblue value for lower mass galaxies and lower density
environments. This supports the idea that the T parameter
has a dependence on either mass and density or possibly
both. Trying to disentangle the dependance, they noticed a
slight positive trend in a residual plot of Tblue versus M∗
after removing the dependence of Tblue with ρ. They ar-
gued that GC formation efficiency is highly dependent on
host galaxy stellar mass, but much less so on environmental
density.
In our sample, the relative fraction of red GCs in lentic-
ular galaxies increases with the environmental density (Fig-
ure 21), while the same trend is not shown by elliptical or
spiral galaxies. Cho et al. (2012) detected an increase in the
relative fraction of red GCs with the environmental density.
The majority of their galaxies are also lenticular galaxies,
after combining with the ACSVCS data. Hence our result
matches with Cho et al. (2012). Thus from our study, we also
confirm the dependence of GC formation on the galaxy envi-
ronment, at least for lenticular galaxies, as seen in Cho et al.
(2012). However, Spitler et al. (2008) found the GC forma-
tion is dependent on host galaxy mass, and only weakly on
environmental density. Their result was based on a sample
mostly of elliptical galaxies and does not show any environ-
mental dependence. Similarly the elliptical galaxies in our
sample do not show any dependence on environment. Spiral
galaxies in our sample also exhibit an independence of blue
to red ratio from their environments.
We find a relatively higher fraction of red GCs in lentic-
ular galaxies residing in high density environments. Among
the various galaxy interactions which can cause variations
in GC numbers, as discussed in Forbes et al. (1997), is tidal
stripping which removes the outer halo or blue GCs. For ex-
ample, NGC 1387 is an S0 galaxy in our sample with the
lowest relative fraction of blue to red GCs (NBGC/NRGC =
0.32). The lack of blue GCs could be caused by a tidal in-
teraction between NGC 1387 and NGC 1399. Bassino et al.
(2006a,b) observed a low number of blue GCs around NGC
1387 and an overabundance in the direction near to NGC
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Figure 22. GC ellipticity versus galaxy stellar light ellipticity.
The plot shows the relation between ellipticities of blue GCs or
red GCs versus galaxy stellar light for six galaxies, recorded in
Table 8. The blue and the red GCs are represented in blue open
circles and red filled diamonds respectively. A linear fit to the red
GCs is drawn as a solid line and a one-to-one relation is shown
as a dashed line.
1399. They proposed this as a case of tidal stripping through
which NGC 1399 has stripped away the outer halo of NGC
1387, creating a deficit of blue GCs compared to the red
GCs. Using numerical simulations, Bekki et al. (2003) con-
firmed an asymmetry in the distribution of blue GCs around
NGC 1399 and also suggested the influence of a tidal inter-
action with the nearby galaxies. We propose that the tidal
stripping might be the cause for the observed trend by lentic-
ular galaxies.
4.5 GC ellipticity versus galaxy stellar light
ellipticity
Figure 22 shows the relation between ellipticity for GC sub-
populations and for galaxy stellar light. The ellipticity val-
ues of galaxy stellar light are derived by fitting ellipses on
the radial light distribution and the GC subpopulations are
estimated from the azimuthal distribution of GCs. Most lit-
erature studies have examined the azimuthal distribution of
the total GC system and not for individual GC subpopula-
tions. Hence we have accessible values for GC subpopulation
ellipticity for only a handful of galaxies. Table 8 displays the
ellipticity values for blue and red GCs and the galaxy stellar
light for six available galaxies.
We observe a positive correlation between the ellipticity
for red GCs and galaxy stellar light (Figure 22). But the dis-
tribution of blue GCs shows no trend. Using the bootstrap
technique, we are able to fit a linear relation to the red GCs:
y = [(1.1± 0.2)× x] + (−0.1± 0.1) (15)
where x and y are ellipticity for galaxy stellar light and red
Table 8. Ellipticity values for GC subpopulations and their re-
spective galaxy stellar light for the six galaxies. The reference for
GCs and galaxy stellar light are given in the last column.
Galaxy Ellipticity Ref.
NGC Blue GCs Red GCs Stellar light
720 0.26±0.06 0.37±0.08 0.47±0.05 1, 5
1023 0.15±0.15 0.57±0.08 0.58±0.05 1, 5
2768 0.57±0.04 0.60±0.05 0.60±0.03 1, 5
4365 0.44±0.08 0.30±0.08 0.25±0.03 2, 2
4486 0.30±0.07 0.34±0.10 0.40±0.05 3, 3
4649 0.03±0.02 0.09±0.04 0.22±0.05 4, 4
1. This work 2. Blom et al. (2012) 3. Strader et al. (2011)
4. Lee et al. (2008) 5. Paturel et al. (2003)
GCs. This linear relation between the galaxy stellar light
and red GCs is also consistent with the one-to-one rela-
tion, which is also drawn in Figure 22. This suggests that
both the red GC subpopulation and the underlying stellar
populations share a common evolutionary history (see also
Forbes et al. 2012b). This supports the GC formation scenar-
ios which predict the red GC subpopulation have originated
along with the majority of galaxy stars. These scenarios sug-
gested that the blue GC subpopulation formed before the
red GCs.
Recently, Park & Lee (2013) studied the ellipticities of
blue and red GC subpopulations and the host galaxy stellar
light in 23 early-type galaxies using HST/ACS Virgo Cluster
Survey. They found a tight correlation between the elliptici-
ties of the red GC subpopulation and the galaxy stellar light,
while a less tight trend for the blue GC subpopulation. Thus
their findings support our results from a smaller sample with
wider-field data.
5 CONCLUSIONS
We have carried out a detailed study of GC systems in three
early-type galaxies: NGC 720, NGC 1023 and NGC 2768.
The galaxies were observed in multi-band wide-field images
using the 8-meter Subaru Telescope, the 3.6-meter Canada
France Hawaii Telescope and the 2.4-meter Hubble Space
Telescope. The main conclusions are discussed below.
(i) The spatial extent of the GC systems of NGC 720,
NGC 1023 and NGC 2768 are estimated as 68 ± 6, 20 ±
2 and 63 ± 3 kpc respectively. The spatial extent matches
well with the literature for NGC 1023 and we provide a first
estimate of the GC system extent for NGC 720 and NGC
2768.
(ii) The radial surface densities of GCs are fitted with
Sérsic profiles. From the Sérsic fits, we estimated the effec-
tive radii for the GC systems of NGC 720, NGC 1023 and
NGC 2768 are 13.7 ± 2.2, 3.3 ± 0.9 and 10.6 ± 1.8 kpc
respectively.
(iii) Colour magnitude diagrams show bimodal colour dis-
tributions of GCs in all three galaxies with greater than
99.99 percent probability in all three galaxies.
(iv) The total number of GCs are estimated as 1489 ±
96, 548 ± 59 and 744 ± 68 for NGC 720, NGC 1023 and
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NGC 2768 respectively. The SN values for the corresponding
galaxies are 3.2 ± 0.2, 1.8 ± 0.2 and 1.3 ± 0.1.
(v) The peak colour of the blue and red globular cluster
subpopulation agrees with the globular cluster colour - host
galaxy luminosity relation (Peng et al. 2006; Faifer et al.
2011). This strengthens the fact that more massive galaxies
have more metal enrichment.
(vi) The position angle of the host galaxy matches with
both the blue and red subpopulation in all three galaxies.
Ellipticity values of the host galaxies match better with the
red subpopulation than the blue subpopulation for all three
galaxies.
We discuss five global relationships between the host
galaxy and the GC system. We found that the spatial ex-
tent of a GC system is dependent on the host galaxy stel-
lar mass/luminosity and the effective radius of the galaxy.
Knowing the host galaxy luminosity, or the size of the
galaxy, can therefore provide an estimation of the extent
of the GC system. The extent of a GC system is determined
to be ∼ 14 times the effective radius of the host galaxy.
The spatial extent of GC systems in elliptical and lenticu-
lar galaxies show a strong dependence on host galaxy stellar
mass, but not for spiral galaxies.
We have analysed the relation between ellipticities for
blue and red GC subpopulations and galaxy stellar light for
a sample of six galaxies. The ellipticity for the red GC sub-
population appears to be correlated with the galaxy stellar
light ellipticity for this sample. We support the view that the
red GCs and the galaxy stellar light have a coeval formation.
This result from a small sample of 6 galaxies is supported
by Park & Lee (2013).
We have also found that the relative fraction of blue
to red GCs decreases with galaxy environment density for
lenticular galaxies. This result is in general agreement with
the observations of Cho et al. (2012) and in disagreement
with the predictions of Tonini (2013). We did not observe
any specific trend for elliptical (supporting Spitler et al.
2008) and spiral galaxies with galaxy environment density.
An interaction between galaxies, which can decrease the
blue GC number in cluster environments, is tidal stripping.
Through tidal effects, the outer halo (containing the blue
GCs) of the small galaxy may stripped away giving a lower
fraction of blue to red GCs (Forbes et al. 1997; Bassino et al.
2006a,b) for lenticular galaxies in cluster environments.
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Table 9. Properties of our galaxy sample. The top part of the table includes data for galaxies in the SLUGGS survey and the bottom
part of the table lists other literature galaxies. Morphological type is taken from NED. The distances are obtained from Cappellari et al.
(2011) if available, otherwise from NED. The total visual magnitude for the galaxies is taken from de Vaucouleurs et al. (1991) and
hence we derive the absolute magnitude, MTV . The distance, absolute magnitude and the mass to light ratio (given by Zepf & Ashman
1993) are incorporated to determine galaxy stellar mass (M?). GC numbers (NGC) is taken from different references as recorded in the
footnote. NBGC/NRGC represents the ratio of blue to red GCs. The reference corresponding to galaxy effective radii are also mentioned
in the footnote. The local density parameter is taken from Tully (1988).
NGC Type D V0T M
T
V log(M?) GCExt NGC NBGC/NRGC Re ρ
(Mpc) (mag) (mag) (M) (kpc) (kpc) (Mpc−3)
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821 E6 23.40 10.79 -21.06 11.354 26 ± 3 320 ± 45b 2.33 4.51z 0.95
1023 S0 11.10 9.15 -21.07 11.243 20 ± 2 572 ± 94a 0.75 2.57z 0.57
1407 E0 23.11 9.74 -22.08 11.764 140 ± 7 6400 ± 700c 1.50 8.06x 0.42
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